Summary
Acute mesenteric ischaemia is a syndrome caused by inadequate blood flow through the mesenteric vessels, resulting in ischaemia and eventual gangrene of the bowel wall. Although relatively rare, it is a potentially life-threatening condition. The maintenance of haemodynamic stability, along with adequate oxygen saturation, and the correction of any electrolyte imbalance, are of the utmost importance. However, nicotinamide adenine dinucleotide (NAD) biosynthesis modulation by precursor introduction can also be a powerful tool for preventing injury. Nicotinamide riboside is a pyridine-nucleoside form of vitamin B3 that functions as a precursor to NAD + . The present study investigated nicotinamide riboside's effect on endothelium functional state, microcirculation and intestinal morphology in acute mesenteric ischaemia and reperfusion. Mesenteric ischaemia was simulated after the adaptation period (15 minutes) by occluding the superior mesenteric artery for 60 minutes, followed by a reperfusion period of 30 minutes. The functional state of intestinal microcirculation was evaluated by laser Doppler flowmetry. Endothelial functional activity was studied by using wire myography. Intestinal samples were stained with haematoxylin and eosin for histological analysis. The results revealed that nicotinamide riboside protects the intestinal wall from ischaemia-reperfusion injury, as well as improving the relaxation function of mesenteric vessels. Nicotinamide riboside's protective effect in small intestine ischaemia-reperfusion can be used to reduce ischaemia-reperfusion injury, as well as to preserve intestinal grafts until transplant. 3, 4 The presence of NAD+ during oxidative phosphorylation promotes ATP synthesis; activation of the synthesis of sirtuin-5 (SIRT5); DNA repair; and inhibition of (poly(ADP-ribose) polymerase-1 PARP-1). Ultimately, these effects ensure the regulation of metabolic processes and the maintenance of energy and ion balance in cells. Thus, some data are available on NR's action on type 2 diabetes and neuropathy. 5 The authors reported reduced blood sugar, weight, diabetic neuropathy and liver complications in type 2 diabetic mice under the effect of NR. These effects allow us to consider this drug as a protective agent for intestinal ischaemia-reperfusion injury. However, to the best of our knowledge, this approach has not yet been attempted. The aim of this study was to test the hypothesis that NR would reduce the detrimental effects of acute intestinal ischaemia-reperfusion. For this, the authors studied the effect of NR on endothelial functional activity, microcirculation and intestinal morphology in the case of AMI and reperfusion.
K E Y W O R D S

| MATERIALS AND METHODS
| Animals
Male Wistar rats (280 ± 10% g) were used for this study. Animals were housed under standardized conditions for animal facilities: 12-h light/dark cycle; and were administered food and water ad libitum. All surgical manipulations were performed under isoflurane anaesthesia with spontaneous ventilation. Body temperature was maintained at 37°C ± 0.5°C with controlled heating pad and rectal probe. Animals were placed on heated operating platform in the supine position, immobilized at four points and subjected to laparotomy. The intestine was isolated, warped in a tissue wetted with physiological saline (to minimize dehydration of exposed tissues during the experiment) and also placed on a thermostatically controlled surface (37°C). The femoral vein was cannulated for intravenous administration. Mesenteric ischaemia was simulated after the adaptation period (15 minutes) by occluding the superior mesenteric artery for 60 minutes, followed by a reperfusion period of 30 minutes. Animals were randomly divided into three groups (6 animals per group). (a) Sham group (sham): application of vessel cannulation and intestinal preparation only, with no treatment applied. (b) Experimental group (nicotinamide riboside): application of vessel cannulation, intestinal preparation and 60 minutes of intestinal ischaemia, followed by 30 minutes of reperfusion with intravenous NR infusion at 50 mg/kg body weight for 5 minutes before and 15 minutes after the beginning of reperfusion. Doses were selected based on data reported in the literature. 6, 7 (c) Control group: the same procedure sequence as in the previous group, with NR solution replaced with an equivalent volume of 0.9% sodium chloride according to the same scheme.
| Evaluation of intestinal microcirculation
The functional state of intestinal microcirculation was evaluated by the laser Doppler flowmetry (LDF) method, by means of a LAKK laser capillary blood flow analyzer (LAZMA Researchand-Production Association, Russia). The mean perfusion level (M, in perfusion units, perf. un.), standard deviation (σ, in perfusion units, perf. un.) and coefficient of variation (Кv, %) were registered at the end of the adaptation period, at the 5th and 60th minutes of ischaemia and at the 5th and 30th minutes of reperfusion. The parameters were measured in three sections of proximal, middle and distal intestinal segments. The results are presented as average of those three measurements.
| Endothelial functional activity evaluation
Endothelial functional activity assessment was performed with wire myograph (DMT A/S, Denmark). 8 Rat mesenteric third-order aortic rings were mounted with 40-μm steel wire in myograph chamber with an adjusted transmural pressure. After activation with high-potassium modified Krebs-Henseleit buffer and phenylephrine (PE), endothelium viability was assessed with acetylcholine (ACh) added to PE preconstricted vessels. To study the functional activity, dose-dependent response to PE and Ach (0.1-10 μmol) was investigated.
| TOROPOVA eT Al.
| Histological studies
At the end of reperfusion, intestinal samples were taken and routinely fixed in 10% buffered formaldehyde solution, embedded in paraffin, cut into 5-μm sections and stained with haematoxylin and eosin. 
| Chemicals
| Exclusion criteria
Bleeding through surgical mistakes and low main arterial pressure (80 mm Hg) were the reasons to exclude animals on the first experimental step. For wire myography, vessels with no response to high-potassium solution and acetylcholine were omitted from further analysis.
| Statistical analysis
All calculations were performed with GraphPad Prism 7 (GraphPad Software, Inc., San Diego, CA, USA) software for Windows. The microcirculation data were processed using repeated-measures ANOVA. Myographic study data were subjected to nonlinear regression analysis and two-way ANOVA. The values in the groups were processed using nonparametric statistics (median and 25th and 75th percentiles (Me (25%-75%) ). An unpaired, non-parametric Mann-Whitney test was used to compare the statistical differences between the two groups. The differences were considered significant at P < 0.05 (Bonferroni-corrected post-tests).
| Ethical approval
The study protocol on animals was approved by the bioethical commission of the Center for Experimental Bio-Modeling V.A. Diamonds National Northwest Medical Research Center, Ministry of Health of the Russian Federation.
| RESULTS
| Intestinal microcirculation
The dynamics of the microcirculation parameters in all groups are shown in Figure 1 and Table 1 . At the end of the adaptation period, the mean perfusion level (M) was similar in the Sham, NR and Control groups. In the Sham group, M remained at the baseline level throughout the experiment ( Figure 1 and Table 1 ), while in the Control and NR groups, M was markedly reduced after 5 minutes of ischaemia, which indicated intestinal microvascular stasis. 9 The standard deviation (σ) in the Control and NR groups also showed a statistically significant decrease (Table 1) Thus, intravenous administration of NR provides restoration of small intestine microcirculation to the initial level in a rat model of mesenteric ischaemia and reperfusion.
T A B L E 2
| Endothelial functional activity ex vivo investigation
Dose-dependent responses to Ach show different EC50 values in all groups (Table 2) . This left-side relaxation curve shift represents increased vasoreactivity to Ach under small bowel ischaemia-reperfusion conditions with the studied drug. A significant relaxation increase was observed in the concentration range 0.5-1.5 μmol in comparison with control and sham-operated animals ( Figure 2 ). The assessment of phenylephrine dose-dependent contraction showed a statistical difference in the Control vs Sham group. However, there was a tendency to increase the reactivity of the NR group in response to 0.5-1.5 μmol PE (Figure 3) .
According to the obtained results, the administration of nicotinamide riboside has shown vasoprotective properties in the small bowel ischaemia-reperfusion model. Nicotinamide riboside infusion significantly improves mesenteric arteries' relaxation activity.
| Histological results
The patho-morphological analysis of small intestine wall in the Sham group showed no significant signs of epithelial and stromal injury, and the villi had normal appearance and did not show enterocyte desquamation and inflammatory changes ( Figure 4A,B) .
Significant destructive changes were observed in the Control group-intestinal villi with mucosal layer were mainly affected. Damages of different severity were presented-from enterocyte desquamation to lamina propria destruction ( Figure 5 ).
Microvascular changes from fullness of capillaries and blood clots to haemorrhages caused by gross stromal destruction were presented ( Figure 6A,B) . In most cases, intestinal crypts retained their cellular structure, but there was some degree of cell degeneration with oedema, M-and dendritic cell core layer order violation. Deeper alterations up to muscular layer changes were present only in one sample in this group ( Figure 7A,B) .
The experimental group showed less mucosal damage. Mostly samples had a combination of partial damage and normal gut wall structure ( Figure 8A,B ). There were plenty of enterocytes with signs of dystrophy. In these cells the, normal ellipsoidal nucleus was transformed into a round one. Destructive changes were less frequent-enterocyte desquamation and lamina propria destruction were shown in some of the samples. Microvascular changes were mostly presented by capillary fullness and stromal tissue impregnation with erythrocytes per diapedesis. No sites of extensive haemorrhage were observed ( Figure 9 ). The serosa and muscular layer showed no significant changes ( Figure 10) .
Evaluation of the degree of necrosis showed a different distribution in the Control and NR group samples ( Figure 11 ). NR showed less ileal mucosa damage severity. The destruction ranges in both groups are shown in Figure 12 . It represents significantly lower ileal wall damage in the NR group (P ≤ 0.01; the Mann-Whitney U criterion for two independent samples was significant using Bonferroni-corrected post-tests).
The obtained data suggest that intravenous NR infusion provides a cytoprotective effect on small intestine mucosa under ischaemia-reperfusion modelling conditions.
| DISCUSSION
Ischemia-reperfusion injury of the small intestine remains one of the most important and urgent surgical problems, as it is accompanied by a severe course and high mortality. Acute intestinal ischaemia causes are not limited to thrombosis and mesenteric vessel embolism, and they also arise during strangulation associated intestinal obstruction, surgical operations for abdominal aortic aneurysms, cardiogenic shock, sepsis and hypovolaemia. Also, the study of small intestine stability to ischaemia-reperfusion injury is caused by the necessity of maintaining its viability during preservation for transplantation. The impossibility of eradicating AMI completely dictates the need to find means that protect against ischaemia-reperfusion injury. Currently, intestine protection therapy for small intestine ischaemia-reperfusion injury includes several main areas: anti-oxidant therapy, NO addition, anti-complement and anti-leucocyte therapy, and ischaemic preconditioning and postconditioning. The main protective measure of effectiveness in the evaluation criterion in small intestine ischaemia-reperfusion is degree of severity of morphological changes. According to this criterion, NR is effective in mesenteric IRI treatment which was shown in the given study.
Possibly, NR's protective effect in this pathology is associated with its metabolism to NM which later becomes NAD+. This may have a significant effect on the energy processes occurring in the cytoplasm and mitochondria. At the same time, through a series of biochemical reactions, NAD+ becomes involved in calcium homoeostasis (as indirectly confirmed by myography and microcirculation data in the NR group). 10 It should be noted that NAD+ also plays a role in DNA repair, immune response, signal transduction, gene expression, PARP inhibition, etc. Given the complexity of small intestine ischaemia-reperfusion pathogenic process, the main point of impact should be cell energy metabolism functional state.
Therefore, NR protects intestinal wall from "no-reflow" reperfusion damage, observed in the Control group, which was confirmed with microcirculation data. [11] [12] [13] [14] Mesenteric arteries' relaxation function is improved as well by NR infusion. This fact confirms cells' protective properties on a functional level. However, this study does not provide a complete protective mechanism picture, so it needs to be investigated further.
In spite of the fact that the theoretical rationale for NR usage was primarily cell energy metabolism influencing possibility, the obtained data confirm the fact that enterocyte energy deficiency is compensated under conditions of ischaemia. 15, 16 This feature is of great interest; however, it was not raised in this study framework. The effects of NR on apoptosis and reactive oxygen species by activation of SIRT1 and SIRT3 studied under ischaemia-reperfusion conditions are also of great interest. 15, 17 NR's protective effect in small intestine ischaemia-reperfusion can be used to reduce IRI when restoring blood flow, and also to increase intestinal graft viability in the preservation period.
| Limitations of this study
The protective effect of NR in small intestine ischaemiareperfusion requires more investigation. No studies have directly examined the expression of NRK1 and NRK2 in target cells. Also, the authors had not provided information about NR metabolome. The mechanisms mediating protection by NR remain to be elucidated.
